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1. Introduction 
In respiratory electron transport chains the com- 
ponent which reacts with the inorganic electron 
acceptor is almost invariably membrane bound. 
Examples are cytochrome aa in mitochondria, cyto- 
chromes aa3, o and d in aerobic bacteria, the dis- 
similatory nitrate reductase in bacteria capable of 
nitrate respiration, and nitrous oxide reductase in 
denitrifiers [ 1 ] . In many cases it has been established 
that the protons consumed in the reduction are taken 
up from the internal phase (the mitochondrial matrix 
or bacterial cytoplasm), thus contributing to the 
protonmotive force required by a chemiosmotic 
mechanism of oxidative phosphorylation [2-41. 
By contrast, the dissimilatory nitrite reductase of 
denitrifying bacteria is a readily solubilised protein 
which in many cases is released by sonication or 
French press treatment [5] . In a few bacteria it 
contains 2 copper atoms/molecule and no iron [6] . 
The more widespread type, found in Pseudomonas 
aeruginosa and Paracoccus denitrificans, is a haem 
protein with two c-type and two dl-type haems [S] 
per mol. wt 120 000, and consists of two identical 
subunits [7,8] . It has been studied mainly as a soluble 
cytochrome oxidase, and kinetic measurements have 
been made for reduction by Pseudomonas cytochrome 
c-5 5 1 and azurin (a copper protein) [9 ,101 . But in vivo 
its primary role would seem to be nitrite reduction: 
its absence has been demonstrated in mutants lacking 
nitrite respiration [ 1 l] , it is only synthesised when 
denitrification is taking place, and denitrification is 
repressed above low oxygen pressures [l] . Besides, 
Abbreviation: DCPIP, 2,64chlorophenolindophenol 
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oxygen reduction only proceeds at about 3 s-l, has 
a high Km for a terminal oxidase (28 PM), and is 
inhibited by nitrite [ 121. Nitric oxide is the product 
of nitrite reduction by the purified enzyme [ 1 ,131: 
NO;t2H’te-+NOtH,O 
and the discussion below will mainly be concerned 
with this reaction. For whole cells there is evidence 
that free NO is not released [14] , but little is known 
regarding the nature of nitric oxide reductase, or 
indeed whether it is a separate entity [ 1 ,I 4 ] . 
The present study was undertaken to discover 
whether this nitrite reductase is cytoplasmic or peri- 
plasmic. The location is of importance in settling its 
relationship to the membraneous respiratory chain, 
and permits experimentally measured stoichiometries 
for proton pumping and ATP synthesis to be com- 
pared with predicted values. 
2. Methods 
Pseudomonas aeruginosa P6009/1 [ 151 was obtained 
from Dr P. E. Reynolds, Department of Biochemistry, 
Cambridge. It was maintained on nutrient agar slopes 
and grown in a medium containing 40 mM sodium 
glutamate, 35 mM KH2P04, 35 mM KJIPO,,, 0.4 mM 
MgS04.7 HzO, 15 PM FeS04.7 HzO, 15 PM CuS04.5 
HzO, 0.5 PM ammonium molybdate and 40 mM 
NaNO, (pH 6.7). After inoculation the flasks were 
sealed with cellophane and placed on an orbital 
shaker for 2 days at 32’C. On harvesting, a portion 
was converted to acetone powder (see below), which 
was weighed and formed a standard. 
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Periplasmic proteins were released [ 16,171 by 
harvesting the cells at 25’C and resuspending the 
pellets at 1 g/30 ml in medium at 3O’C containing 
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the contribution from nitrite reductase, E = 23.3 
mM-‘cm-‘, and assuming e = 25.2 mM-‘cm-’ for 
cytochrome c-55 1. These three extinction coefficients 
0.5 M sucrose, 4 mM NaaEDTA and 40 mM Tris/HCl 
(pH 8.0) plus 0.25 mg lysozyme/ml. After 2 min, 
were derived from spectra taken with purified 
proteins. For cytochrome c-551 the basis was 
MgClz was added to 10 mM. The solution was left at 
30°C for 30 min, then centrifuged (15 000 X g, 
20 min), to give periplasmic proteins (plus some 
lysozyme) in the supernatant, and a pellet of sphero- 
plasts. Cytoplasmic proteins were released [ 171 from 
the spheroplasts by resuspension in 10 mM Tris/HCl 
plus 2 mM NazEDTA (pH 8.0) at the same concentra- 
tion as before. The release of DNA caused the suspen- 
sion to become too viscous for centrifugation,so after 
incubation for 15 min at 20°C, MgCla was added to 
4 mM, plus a trace of DNase (EC 3.1.4.5). After a 
few minutes it was centrifuged to yield a supernatant 
of cytoplasmic proteins and a pellet of lysed mem- 
branes. The pellet was resuspended in Tris/HCI 
(pH 8.0). 
Acetone powders were prepared by treating 
es51 nm = 30.0 mM-‘cm-’ for the reduced cyto- 
chrome [18] . For nitrite reductase (see fig.1) it was 
assumed that in the pyridine haemochrome the two 
c-type haems/molecule each had the same extinction 
coefficients as mammalian cytochrome C:E = 21.7 
mM-‘cm-’ for Ass,, nrn relative to a line drawn from 
540-560 nm in dithionite reduced minus untreated 
difference spectra. (This value was measured with a 
horse cytochrome c solution previously assayed at 
pH7 Pll.) 
pelleted material with acetone at -5°C [ 181. Soluble 
proteins were released from acetone powders by a 
double extraction at 45’C with 100 mM ammonium 
acetate/acetic acid (pH 6.5) [ 181 . 
For assay of azurin it was necessary to remove 
nitrite reductase, and advisable to remove cyto- 
chrome c-551 [ 181. The solution was diluted with 
4 vol. water and adjusted to pH 3.9 with 1 M acetic 
acid. After removal of precipitate by centrifugation 
it was diluted 5-fold again, ferricyanide was added to 
10 PM, and it was passed through a small column of 
For standardisation of assays, cytochrome c-551 
and azurin were purified as in [ 181, and nitrite 
reductase was separated from other coloured material 
by concentrating a periplasmic fraction with Aquacide 
(Calbiochem), and then passing it through a column of 
Sephadex G-75 [ 191. Difference spectra were recorded 
with a sensitive split-beam spectrophotometer. Solu- 
tions containing nitrite reductase were bubbled with 
Na prior to addition of reductant to avoid complica- 
tions from oxidase activity, with a trace of octan-2-01 
to prevent foaming. Pyridine haemochromes were 
prepared by adding 1 ml pyridine and 0.1 ml 4 M 
NaOH to 3 ml solution [20] . They were assayed 
immediately by difference spectra, adding ferricyanide 
to oxidase dr-type haem or dithionite to reduce 
c-type. 
Nitrite reductase was assayed by Ae,, nm - 
Ac6ar, nn, = 31 .O mM-‘cm-’ for difference spectra 
in alkaline pyridine, untreated minus ferricyanide 
oxidised. Cytochrome c-551 was assayed by difference 
spectra at - pH 7 (ascorbacte + 15 I.~M DCPIP reduced 
minus ferricyanide oxidised) by measuring Ass1 n,,, 
relative to aline drawn from 535-565 nm,subtracting 
0 I 
520 560 600 640 680 
Wavelength, nm 
Fig.1. Difference spectra for purified nitrite reductase. 
(i) Buffer, pH 7, ascorbate + 15 &l DCPIP minus ferricyanide. 
(ii) Pyridine haemochrome of the same sample, dithionite 
minus untreated, showing a standard c-type haem or-band 
peak, much higher than the split peak in (i). (iii) As (ii), 
untreated minus ferricyanide, showing d, -type haem 
absorption. 
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CM-cellulose equilibrated with 25 mM ammonium 
acetate/acetic acid (pH 3.9). The column was washed 
with 50 mM ammonium acetate/acetic acid (pH 4.5) 
to remove brown material, and the blue band (azurin) 
was eluted with 100 mM potassium phosphate 
(pH 7). It was assayed in difference spectra, ferri- 
cyanide oxidised minus ascorbate reduced, by 
Ae635 11m-~e695 nm = 2.7 mM-‘cm-‘, derived 
from a spectrum for the purified protein assuming 
Ae625 lllll = 4.8 mM-‘cm-’ [22]. 
Isocitrate dehydrogenase (EC 1 .l .1.42).was 
assayed at 25°C by monitoring the rate of NADPH 
formation on a dual-wavelength spectrophotometer. 
The medium was 50 mMN-2_hydroxyethylpiperazine- 
N’-2ethanesulphonic acid/KOH, pH 7.4, with 4 mM 
MnS04, 4 mM sodium isocitrate and 0.33 mM NADP’ 
[231. 
3. Results 
The results of a cell fractionation experiment are 
presented in table 1. This shows data for a periplasmic 
fraction prepared by lysozyme treatment in 0.5 M 
sucrose after a brief exposure to EDTA, a cytoplasmic 
fraction prepared by osmotic lysis of spheroplasts, 
and the residual soluble proteins recovered by extrac- 
tion of an acetone powder prepared from the lysed 
membranes. Table 1 shows the distribution of NADP- 
linked isocitrate dehydrogenase (a marker for the 
cytoplasm), nitrite reductase, and also cytochrome 
c-5 5 1 and azurin. Except for azurin, all assays were 
performed without purification. Interference from 
the other soluble c-type cytochromes reported for 
Ps. aeruginosa is unlikely: the combined levels of 
cytochromes c-550 and c-555 [24] (originally lumped 
together as c-554 [18]) proved scarcely detectable 
on attempted purification (as found in [25]) and 
were estimated as <2% of the c-551 level, while 
cytochrome c-557(551), a peroxidase with c-type 
haem, is only reduced by dithionite and would not 
contribute to ascorbate versus ferricyanide spectra 
[25,26] . (Preliminary results with cells grown semi- 
aerobically indicated a cytoplasmic location.) 
Table 1 includes a nitrite reductase assay for the 
lysed membranes. This was conducted in the usual 
way, so the limit includes any cytochrome d, in 
practice only significant in aerated cultures. The lysed 
membranes contained high levels of ascorbate- 
reducible cytochrome c (30/~mol from cells equivalent 
to 100 g acetone powder), most of which was mem- 
brane bound and could not be extracted. The dif- 
ference spectrain fig.2 show the presence of ascorbate 
reducible cytochrome c with a peak at 552 nm (along 
with b-type cytochromes), and also of a b-type cyto- 
chrome kept at least partly oxidised by nitrate in 
Ihe presence of dithionite. 
4. Discussion 
The results in table 1 show that nearly all of the 
nitrite reductase and azurin, and most of the cyto- 
chrome c-5 5 1, were recovered in a periplasmic 
fraction which only accounted for 1.2% of the iso- 
citrate dehydrogenase. This common location 
supports the general assumption in kinetic studies 
that cytochrome c-551 and azurin are the physio- 
logical donors to the reductase; preliminary results 
suggest hat they form an interchangeable pair, with 
Table 1 
Location of nitrite reductase and other soluble redox proteins in Ps. Aeruginosa 
Isocitrate dehydrogenase 
(% total recovery) 
Nitrite reductase Cytochrome c-551 Azurin 
bmol from cells equivalent o 100 g acetone powder) 
Periplasmic fraction 
Cytoplasmic fraction 
Acetone powder extract 
from lysed membranes 
1.2 12.2 29.3 13.0 
98.1 <0.3 6.3 1.5 
0.7 <0.5a 2.0 <0.2 
a Assayed in the lysed membranes, since acetone powder extracts of whole cells gave poor yields, probably because of loss of d, - 
type haem 
For methods and other details, see text 
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I I I , I 
540 560 580 
Wavelength, nm 
Fig.2. Difference spectra for resuspended lysed membranes 
(pH 8). (i) Ascorbate + 15 PM DCPIP minus ferricyanide. 
(ii) Membranes at 6-times the concentration of (i), dithionite 
minus dithionite + 10 mM NaNO,. 
the level of azurin depending on the availability of 
copper to the cells. The location of cytochrome c-551 
also follows the rule that bacterial cytochromes 
showing sequence homology with mitochondrial 
cytochrome c are sited in the periplasm (e.g., Rhodo- 
pseudomonas [27] , Spirillum [ 161). Since Ps. 
aeruginosa also has a membrane-bound cytochrome c
(fig.2) almost certainly analogous to cytochrome cl 
of mitochondria nd Paracoccus denitrijkans, the 
entire electron transport chain for nitrite reduction 
can be predicted as: 
. . . (ubiquinone t cytochromes b) - cytochrome cl 
- cytochrome c-551 (azurin) - nitrite reductase 
As far as proton pumping is concerned, the con- 
clusion from a periplasmic location is that the protons 
taken up in nitrite reduction to NG, 4/2 e-, cannot 
contribute to an alkalinisation of the cytoplasm, and 
are wasted from a chemiosmotic point of view. (NO; 
is the active species for the reaction, not HNOz, since 
the pH optimum is 6.5 [ 131, whereas protonation 
has pK 3.4 [28] .) This inefficiency is particularly 
striking since nitrite respiration is unusual in that a 
net proton consumption occurs [29] . It is only 
understandable if denitrification is an evolutionary 
offshoot of aerobic respiration; an explanation can 
then be found in the redox potential,E,,,(NO;/ 
NO) = t374 mV [30]. This is comparable with that 
for nitrate reduction, Em,, (NO5/NO;) = t420 mV, 
and could not support he same level of proton 
pumping as oxygen reduction to water, f&,(O,/H,O) 
= t810 mV. Indeed, it was found [31] by measuring 
molar growth yields for Pseudomonas denitrijicans 
that all steps of denitritication had a similar efficiency 
for oxidative phosphorylation on an electron basis, 
while all were distinctly less efficient than aerobic 
growth. 
A proton pumping model which agrees with this is 
shown in fig.3. For nitrite reduction it is reasonable 
to assume the same stiochiometries of H’/2 e- in 
sites 1 and 2 as have been measured for aerobic 
bacterial respiration by pathways which include high 
potential c-type cytochromes, 2in site 1 and 4 in 
site 2 [2,32] . For nitrate reduction, the respiratory 
nitrate reductase has been studied in greatest depth in 
E. coli [3,33] ,but appears to be very similar in other 
bacteria [34] . Nitrate reduction is known to bypass 
c-type cytochromes in Paracoccus denitrificans [33] , 
and iig.2. implies that this holds for Ps. aeruginosa. 
The standard pattern for nitrate respiration is that 
the electrons branch off from the aerobic chain in the 
ubiquinone-cytochrome b region, and pass through a 
specific cytochrome b, DOi, to the nitrate reductase 
complex, which includes nonhaem iron and molyb- 
denum [33,34] . Proton pumping by site 2 only yields 
NITRITE REDUCTION NITRATE REI 
per, plasm , fYtoPin penp’m , 
‘Hz0 
ICTION 
ytoplasm 
NADH.H’ S 
NAD+L2 
-2 H’ 
.2 H’ 
Fig.3. Suggested stoichiometries for proton pumping in the 
course of nitrite and nitrate reduction by NAD-linked sub- 
strates. SH,, substrate; UQ, ubiquinone. 
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H+/2 e- of 2, as in aerobic respiration whenever 
site 2 does not conclude with a c-type cytochrome 
[2,32] , but two further protons/2e- are taken up 
from the cytoplasm as nitrate is reduced [3,33] . 
Overall, therefore, the proton pumping efficiency is 
as predicted for nitrite reduction. 
It has frequently been stated that if, or because, 
nitrite reductase is soluble, nitrite reduction cannot 
support oxidative phosphorylation [ 1,3 1 ] . However 
this would only be a valid conclusion if the imme- 
diate donor had a negative redox potential, e.g., 
NAD(P)H or ferredoxin, as for the cytoplasmic 
nitrate and nitrite (NO;-+NH’,) reductases, which 
normally have an assimilatory role. 
Sulphate respiration, as in Desulfovibrio, provides 
further examples of soluble terminal reductases [34] . 
Sulphate enters the cytoplasm and is primed at the 
expense of two high energy phosphate bonds to form 
adenylyl sulphate. This is reduced to sulphite by 
adenylyl sulphate reductase, and further reduction is 
mediated by bisulphite reductase. Both of these are 
soluble cytoplasmic proteins [35] . Although there 
are many unanswered questions concerning the 
linkage of sulphate respiration to proton gradient 
formation, it is clear that the protons taken up in 
the reductions will come from the cytoplasm as 
normal, unlike the nitrite respiration described here. 
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